Abstract: Typical meteorological years (TMYs) are widely used for the analysis and simulation of energyintensive systems. The reliability of a developed typical year depends on the accuracy of the historical record of weather data as well as the fitness of the developed approach to the application. In this work, a TMY for Seeb area in the Muscat Governorate, Oman was developed using different approaches. The developed TMYs are compared to the current commonly used TMY which is based on 1985-2001 records that have many gaps and anomalies and hence have intensive interpolation treatment. The different TMYs were compared by simulating energy consumption of a typical residential building and also by studying applicability of passive cooling strategies. The findings showed that the variation in energy consumption is minimal for the different TMY development approaches for the same set of historical records but the difference is very significant when the comparison is based on the two sets from the two periods of records.
Introduction
Typical meteorological years (TMYs) are used by a wide spectrum of professionals in designing and studying climate-dependent cases. A TMY is a set of year-long data, statistically selected from a historical record of metrological data and it is regarded as the best representation of the climatic behavior in a given location throughout the year.
TMYs were first developed in the United States for 229 locations using solar radiation and weather records from 1948 to 1980. That collection was updated twice using data for the periods 1961-1990 and 1991-2005 for 1020 locations in the second update.
Typical meteorological years are essential in simulating long-term weather-dependent projects such as estimating cooling and heating loads and building renewable energy harvesting facilities. Basing simulation on weather data from a random actual year will make the results susceptible to underestimation and overestimation due to the likely variation in weather behavior. Hence, TMYs are only good when an average weather behavior is under consideration and they should not be used for extreme weather conditions.
The reliability of TMYs depends on the accuracy of the historical record and the fitness of the development methodology for the targeted application. The typical meteorological year is composed of the typical months in the historical records eg. typical January is January of one of the years in the full record that is statistically the best representative of the common trend in the weather during the month of January. The typical month is basically the month whose weather parameters are the closest to the mean of all months in the historical record. The more relevant parameters are assigned the higher weight in the statistical methodology and hence have higher impact on whether to select a given month.
The TMY currently used for Seeb area in Muscat Governorate, Oman is based on a historical record from 1985 to 2001. Like most of the records around that period in Oman, it suffers from many gaps and anomalies.
This work aims at updating the TMY used in Seeb, Governorate of Muscat, Oman and assessing the impact of using TMYs that are based on different historical records and developed using different approaches. In this work, the developed typical metrological year is based on a more accurate and recent record from 2000 to 2014. The new TMY is compared to the old one based on the energy consumption and capital cost of a typical residential building in order to study the variation when two historical records are used. Moreover, different development methods are compared based on the 2000-2014 record.
Passive cooling strategies are based on bioclimatic charts which are based on dry bulb temperature and dew point, usually taken from a typical metrological year. In order to study the impact of the application on the reliability of the developed TMY, a TMY is developed with all the weight assigned to the two relevant parameters and zero weight assigned to solar radiation.
Bioclimatic charts and the applicability of passive cooling strategies are then based and compared on the two sets of TMYs.
This research sheds light on the reliability of the currently used TMYs in Oman and the need for updating them. It also tackles the impact of using different approaches in developing TMYs on the simulation results of energy systems. It also addresses the impact of using TMYs based on inaccurate records on bioclimatic charts and it stresses the urgency for examining the quality of the data set when developing TMYs.
TMY Development
The development of the TMY is based on statistical methodology in which data from historical archives are selected to represent a typical year. The TMY was first developed by Sandia laboratories, USA and it was intended for solar heating and cooling purposes Habte et al. (2014) .
The Sandia procedure is thoroughly explained in the work of Sawaqed et al. (2005) . The method in its original version is based on the daily averages of the nine parameters listed in Table 1 except the direct radiation. Each of these parameters is statistically analyzed over a recommended period of 12-24 years. Then Finkelstein-Schafer statistic Finkelstein and Schafer (1971) is used to indicate the deviation of the short term daily mean of the nine parameters (using cumulative distribution function) from their daily averages over the value for all years in the record, which is known as long term cumulative distribution function. Then, a weighted sum of the average daily deviations (Finkelstein-Schafer statistic) is calculated. For each month in the year, five best candidate years are selected according to the least weighted deviations. In order to reassure that this selection was not a result of some anomalies, further screening is performed by checking the deviation of the mean and median for each month from the long term means and medians and also checking the run count and length in each month as described by Sawaqed et al. (2005) .
Most TMY development methods are based on the Sandia method but mainly differ in the weights assigned to each of the contributing parameters in the calculation of FinkelsteinSchafer statistic as shown in Table 1 . These weights are usually selected based on the purpose for which TMY is developed. The weights shown in Table 1 are intended for general simulation of thermal applications and are not valid for case analysis at extreme weather conditions. The weights suggested by Sandia were adopted in the generation of the first version of TMYs in the United States and also in many other works, eg. Petrakis et al. (1996) .
Other applications of Sandia used different weights. For instance, Pissimanis et al. (1988) gave no weight to all parameter ranges in addition to the minimum wind speed. Sawadeq et al. (2005) adopted the same weights as in Sandia but gave no weight to the minimum wind speed. However, Sawadeq et al. (2005) replaced the dew point with relative humidity. Subsequent generations of TMYs in the United States; TMY2 (Marion et al. 1995) and TMY3 (Wilcox et al. 2008 ) also excluded the ranges and the minimum wind speed but added direct radiation to the list of parameters.
In addition to the purpose of use, the selection of these weights is also intended for increasing the agreement with the historical record. For example, the adoption of direct radiation in TMY3 improved the agreement between annual direct normal radiation for the typical year and the record of the 30-year annual average by a factor of two (Wilcox and Marion, 2008) . Moreover, the wind velocity is given less weight while increasing the weights of dry bulb and dew point temperatures, which are more important in solar energy conversion systems and buildings. Hence, this modification has rendered TMY3 inappropriate for wind energy applications (Wilcox and Marion, 2008) .
In addition to the Sandia method, which is the classical development algorithm, heuristic methodologies are also used, in which, machine learning algorithms are used in developing weather files (Chakraborty et al. 2016 ). Hall et al. (1978) b Pissimanis et al. (1988) c Marion and Urban (1995) and Wilcox and Marion (2008) d Sawaqed et al. ( 2005) e The relative humidity is used in place of dew point temperature.
Building Simulation and Weather Files
Building simulation software programs are primarily used to perform energy and thermal analyses of buildings. Energy is analyzed based on hourly or sub-hourly basis in order to capture the dynamic behavior of building systems. In the energy analysis procedure, a typical weather file should be derived from raw data of many years. Many typical weather data sets are internationally recognized for use in detailed energy simulation programs. (Holmes and Hitchin, 1978) . The ISO-TRY is proposed for near-extreme plant design or near-extreme performance assessment whereas the CIBSE-TRY format is for average energy estimation and analysis. Therefore, ISO-TRY is more appropriate for HVAC Design and short-term performance analysis. Many endeavors were dedicated to establishing suitable weather data files for energy simulation programs (Clarke 2001) . The American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) developed typical weather years, which are known as International Weather for Energy Calculation (IWEC), for nearly three thousand sites outside US and Canada (ASHRAE 2015) . Due to the lack of solar radiation data, solar radiation algorithms were used to generate the IWEC. The weather data years are selected based on the standard methodology of TMY2 (Marion and Urban, 1995) , which is also based on Sandia method.
The types of different weather data sets and the selection methodologies of a typical weather year have brought about many issues related to the reliability of energy simulation. This problem has been addressed by Crawley et al. (1999) . In their study, a typical office building was simulated in eight U.S. locations using different reference years (TRY, TMY, TMY2, WYEC, WYEC2) based on a 30-year-period of actual hourly weather data. Crawley studied the impact of using various weather data sets on the annual energy use and costs and the annual peaks of electrical demand, heating load, and cooling load. The study concluded that the American version of TRY-type weather data should be avoided since no single year can represent the typical long-term weather patterns. TMY2 and WYEC2 were found more rigorous in predicting the energy consumption since improved solar models are used in simulating solar radiation. Therefore, they are regarded as the best representative of long-term average climatic conditions. Huang (1998) conducted another study in which he evaluated the influence of different sets of weather data, also based on a 30-year-period of historical records, on residential buildings. The study concluded that TMY2 and WYEC2 weather data gives results within 5%. The study justified the use of the typical weather year to simulate the peak building loads because the selection process doesn't eliminate the peak design conditions. It was also concluded that the American version of TRY is less reliable in replicating the average historical conditions. Erba et al. (2017) studied the effect of weather datasets on building energy simulation outputs for a public social housing block located in the area of Milan, Italy. In their study, they found a difference in the output results when they used two commonly used weather datasets. In their conclusion, they asserted the need for updating weather files for more accurate simulation.
Using TMY for Passive Cooling
Passive cooling techniques are used in minimizing the load on mechanically-driven cooling devices. In general, the selection of building passive thermal design strategies is based on dry bulb temperature and humidity. Identifying suitable strategies for a given location can be made using bioclimatic charts. Olgyay's bioclimatic chart (Olgay 1963) developed in the 1950s, was one of the first attempts for identifying the best passive cooling methods. Nowadays, there are a number of approaches for developing bioclimatic charts, and these mostly have outlined zones for each passive method overlaid on a psychrometric chart. Figure 3 shows Giovoni's bioclimatic chart in which there are five passive cooling zones: comfort zone, natural ventilation, high mass, high mass with night ventilation and evaporative cooling. Extensive description on passive cooling techniques and the development of bioclimatic charts is available in the literature (Al-Azri et al. 2013) .
Another more popular bioclimatic chart is that of Givoni (1992; 1994) . This chart is based on the linear relationship between the temperature amplitude and vapor pressure of the outdoor air. Givoni's chart identifies the suitable cooling technique based on the outdoor climatic condition. Five zones are identified on Givoni's chart: thermal comfort, natural ventilation, high mass, high mass with night ventilation and evaporative cooling.
Givoni's Bioclimatic charts are utilized by first identifying the average monthly conditions. For each month, the average of the daily maximum temperature is calculated and matched with the average of the minimum daily absolute humidity to form the point ( ̅ , ̅ ). Likewise, the average of the daily minimum temperature is matched with that of the average daily minimum absolute humidity to form ( ̅ , ̅ ). The placement of the line segment connecting the two points will determine the proper passive cooling strategy for that month.
Givoni's chart is mainly applicable to residential and office buildings where heat gain is minimal. Modifications to Givoni's chart that suit nondomestic buildings can also be found in the literature (Lomas et al. 2004) . The natural ventilation zone on Givoni's chart assumes that the indoor mean radiant temperature and the vapor pressure are the same as those at outdoor conditions; an assumption that limits the application to buildings with medium to high thermal structure (Watson 1981) .
A more accurate representation of the typical metrological year for the development of the bioclimatic charts can be developed by eliminating irrelevant parameters, such as wind speed and solar radiation, in Sandia procedure and dedicating all the weight to dry bulb temperature and dew point (Al-Azri 2016).
The Study
Weather and solar radiation data for the Seeb area were collected for the period 2000-2014 which feature better accuracy and fewer gaps and anomalies compared to the data used in previous studies. The time reference point for the data was taken at the beginning of the hour and hence data taken at fractions of the hour were interpolated with the adjacent readings using linear interpolation provided that the end points of the interpolation period does not exceed 60 minutes. The data was then qualitychecked by investigating missing points and anomalies. Unrealistic anomalies were removed and regarded as missing points. Missing points were found to be around 2% in the whole set and their consecutive occurrences extend for different periods mostly for a few hours. Periods of missing points up to two hours where lineally interpolated with the adjacent readings. Consecutive missing points for longer periods where linearly interpolated using readings from the adjacent days at the same period of time in the day. In the development of the TMY, the same procedure described by Sawaqed et al. (2005) was followed but using the different weights shown in Table 1 .
In this paper, different approaches for typical metrological years are studied for Seeb area in Muscat Governorate, Oman. The weather data were taken for Muscat Airport station, which is located at 23.583 o latitude and 58.283 o longitude and it is 8.4 meter above sea level.
Two sets of records for this station were used; the old 1985-2001 record and the new 2000-2014 record. The two sets have distinct features. The old record, upon which the current TMY was developed, has many anomalies and its solar radiation data were calculated using the daily mean values.
Simulation of a Typical Residential Unit
Simulation programs are commonly used for the design of energy-efficient buildings. These tools are primarily used for energy analysis but can also be helpful when sizing air conditioning systems. For the purpose of this study, QUick Energy Simulation Tool (eQuest) is utilized for yearly simulation (LBNL and JJH 1998) . A typical residential building shown in Fig. 1 is assumed to be the representative house in Oman. The physical, thermal characteristics and construction details are defined in Table 2 . Figure 2 shows the monthly electrical consumption and energy cost for the house when a weather file from Meteonorm software is used (Meteonorm 7, 2015) . For comparison, a recent survey study for 50 houses in Seeb, Oman indicated that actual annual energy consumption ranges between 16-82 MWh of electricity in a year, with an average of 44 MWh/year (Al-Hashim 2013).
The eQuest software predicts an electrical consumption of 48.2 MWh/year for the base case model considered in this study.
In addition to the weather file generated by Meteonorm software (Meteonorm 7, 2015) , the building simulation model is used with different weather files developed in this research based on approaches described in the literature (Hall et al. 1978; Pissimanis et al. 1988; Sawaqed et al. 2005; Wilcox and Marion, 2008) . Using the TMY approach described by Sawaqed et. al. (2005) , two weather files using two different raw weather datasets were generated; one TMY file based on weather data from the period 1985-2001, and another TMY file is based on weather data for the period 2000-2014. The other TMY files described by Hall et al. (1978) , Pissimanis et al. (1988) , Sawaqed et al. (2005) and, Wilcox and Marion (2008) were all generated using weather dataset of 2000-2014.
The development of the weather files are based on the weights given in Table 1. Table 3 shows the typical years selected by the different approaches.
Despite the variations in the assigned weights, the different approaches merged to almost an identical typical years except for a few months. In general, Wilcox' approach exhibits the most variation as it differs from the others in five months which can be attributed to the fact that this approach carry an additional parameter, namely, direct radiation, assigned 25% of the weight which has influenced the selection process. This variation, however, might not have any impact on the simulation as the hourly variation in the climatic readings of the different months might behave in a similar manner whose impact on energy analysis is minimal. This fact will be more elaborate in the results of the simulation. Table 3 . The typical years selected for each month using different approaches. 1995 1994 1993 1988 1994 1987 1996 1989 1994 1989 1986 1987 Sawadeq, 2005 Meteonorm weather files are commonly utilized in building simulation tools. Hence, it is used here as the base case for comparison. Two performance indicators are extracted from the eQuest simulation files: the annual space cooling energy (kWh/year) and the peak space cooling load (tons). The associated costs for these two indicators are provided for comparison using the local electrical cost of 0.026 $/kWh and capital equipment cost of $ 260/Ton. Table 4 shows the results when using all six TMY weather files. The absolute and relative differences for the associate costs are calculated. The negative sign of the relative difference indicates that the results of the simulated cases are lower than the base case (ie. Meteonorm TMY weather file).
TMY Approach
Regardless of the TMY approach used, the results based on the 2000-2014 dataset show low deviation from the reference case (lower by 1.9-2.4%). For the same dataset and its derived TMY weather files, the result for the peak cooling load is identical and lower by ~16% when compared to the base case. In all TMY files, the peak month, which is used for peak calculation is the same, June 2012, which explains the similarity amongst the results.
The results predicted by the TMY file developed from 1985-2001 dataset using the Sawaqed's (2005) approach is 14% and 11% lower than the base case for annual cooling energy and peak cooling load, respectively. This dataset was based on an older record and its solar radiation data was modeled using monthly averages. In terms of accuracy, the 2000-2014 dataset is better and hence the results using TMY based on this set should be more credible.
Passive Cooling in Seeb
In order to study the impact of variation in typical meteorological years, bioclimatic charts are developed for Seeb using the same dataset but different approaches and using the same approach with different datasets. The two results are compared to the base TMY of Meteonorm. The first dataset was taken from [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] in which the approach of Sawadeq et al. (2005) was used. The other dataset was taken from 2000-2014 and features minimal missing data and hourly solar radiation measurements, unlike the older set in which radiation was modeled from monthly averages. As shown in Table 3 , the behavior of the different approaches and weights is almost identical when the same dataset is used in the development of the TMY. Hence, Sawadeq et al. (2005) approach is used for both sets; 1985-2001 and 2000-2014 . Figures  3 and 4 shows the bioclimatic charts using both datasets. The solid lines in both graphs indicate the results projected by the TMY based on Meteonorm while the dashed lines are those taken from the two records of datasets. When compared with each other, the distribution pattern is the same for the Meteonorm TMY and those developed from the two datasets. However, the representation of the older dataset is more similar to that of Meteonorm where all counterpart months are close enough and intersect one another. The observation is so different with the newer dataset (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) that in some cases a technique is suggested by one TMY but not by the other. For instance, the two lines of June lie far apart; while in Meteorm set it suggests mechanical air conditioning, the 2000-2014 set suggests that high mass will work at high temperature values.
The comparison is quantified in Table 5 The three sets, in many cases, exhibit wide differences. However, sets A and B are closer to each other than A and C. Unlike the simulation of active cooling system, the deviation from the base set (A) here is exhibited more in the 2000-2014, set (C), than it is in the 1985-2001 set (B). This is due to the fact that in the bioclimatic charts only humidity and temperature that are considered. The development of the bioclimatic chart is dependent based on the average minima and maxima of these parameters; while in the active cooling simulation, radiation was also part of the simulation. Figure 5 and Fig. 6 show the monthly mean dry bulb temperature in Seeb for all years in the 2000-2014 record and the year chosen to be the typical meteorological year (bold curve). In Figure 6 , all parameters are considered in the development of the TMY, with the mean dry bulb temperature carries 10% of the weight based on TMY2/3 approach. Figure 7 considers dry bulb temperature and dew point only, which are the relevant ones to the development of the bioclimatic charts with mean dry bulb temperature caries 20% of the weight while the 80% are assigned to mean dew point (20%), minimum, maximum and range of dry bulb and dew point (10% each). It is clear that the selection of the typical years for each month has changed. Figure 6 shows more conformity between the typical year and the crowd of the means of all months in the record since the mean temperature is assigned a higher weight. However, deviation is still present in both figures because of the existence of other parameters. This comparison shows the importance of only considering the relevant parameters in the intended purpose.
Conclusion
Typical meteorological years were developed for Seeb area in Muscat Governorate, Oman using different sources of weather data and different development approaches. Each developed TMY is used for analyzing energy consumption in a building and the variation in the accuracies of the different sources has shown greater impact than the variation resulting from using different approaches for the same data source. Hence, the accuracy of the source data is the main playing factor. Moreover, although using different TMY development methods has minimal impact on annual energy consumption, the impact can be significant on the capital cost which is due to the fact that equipment sizing is greatly dependent on the peak points of the external heat gain. The TMY is composed of typical months in the record and the selection of these months are based on calculations of averages where peak points are hardly detectable.
Until very recently, weather data was very scarce in Oman and most works were based on records from 1985 to 2001 which had many gaps and anomalies. When it is based on this record, the analysis of the presented case study has shown significant difference in capital cost and yearly energy consumption compared to the analysis based on the recent record which is more accurate and well-kept. Hence, with the development of more accurate measurement and logging technologies, it is recommended that TMYs be redeveloped from time to time to reassure their reliability.
Bioclimatic charts were developed using the different TMYs for studying the applicability of the different passive cooling strategies. Since bioclimatic charts only involve dry bulb temperature and dew point, involving solar radiation in developing their typical year should involve disturbance to their accuracy. This fact is proven when comparing the applicability of passive cooling strategies based on TMYs developed with and without solar radiation. The involvement of solar radiation poses significant variation when the TMYs are based on the same set of historical record. It is hence recommended that for bioclimatic charts and passive cooling, TMYs should be developed without solar radiation. 
